Introduction {#s1}
============

Long-term microvascular and macrovascular complications are a major cause of morbidity and mortality in type 1 diabetes patients. Several genetic studies ([@B1]--[@B3]) have identified loci associated with diabetic nephropathy, and recent evidence suggests that diabetes and its complications may also involve epigenetic factors ([@B4]--[@B7]). Epigenetic mechanisms triggered by hyperglycemia and related diabetic conditions may be particularly important since long-term complications appear to develop in some patients with diabetes even after improved glucose control.

The Diabetes Control and Complications Trial (DCCT) (1983--1993) demonstrated that intensive therapy aimed at near-normal levels of glycemia (HbA~1c~ level) profoundly reduced the development and progression of microvascular complications in patients with type 1 diabetes compared with conventional therapy aimed at maintaining clinical well-being ([@B8]). After DCCT end, the cohort was followed up annually in the observational Epidemiology of Diabetes Interventions and Complications (EDIC) study (1994 to present) when all subjects were encouraged to practice intensive therapy. Since year 4 of the EDIC, both groups have maintained mean HbA~1c~ levels of ∼8% (64 mmol/mol). Surprisingly, despite nearly equivalent glycemic control during the EDIC, complications continued to develop in subjects in the original DCCT conventional therapy group at significantly greater rates than in participants in the original intensive therapy group ([@B8]--[@B14]). This phenomenon has been termed "metabolic memory." Similar "legacy effects" of prior strict glycemic control were also observed in the UK Prospective Diabetes Study ([@B15],[@B16]).

Thus, an early period of better glycemic control appears to have sustained influence on long-term complications, and the adverse effects of early hyperglycemia may be "imprinted" on target tissues over time. Recently, epigenetic mechanisms have been implicated in the damaging effects of hyperglycemia and in experimental models of metabolic memory ([@B17]--[@B25]).

Epigenetics refers to mechanisms that can modify gene expression and phenotype without changes in the underlying DNA sequence ([@B26],[@B27]). Although different cell types in a person are assumed to have identical DNA sequences, they possess distinct differences in their epigenetic information, such as DNA methylation and post-translational modifications (PTMs) of histone proteins contained in the chromatin. Epigenetic modifications can occur when individuals are exposed to environmental factors, such as infections and nutritional changes, and can predispose them to diseases such as diabetes ([@B28]). Nucleosomes, the basic subunits of chromatin, consist of octamers of histones H2A, H2B, H3, and H4, wrapped by DNA. PTMs of histones (e.g., acetylation, methylation, phosphorylation, and ubiquitylation) form an epigenetic layer together with DNA methylation ([@B29]--[@B31]), which affects gene transcription. Acetylation of histones at lysine residues is generally associated with transcriptionally active genes, whereas lysine methylation leads to gene activation or repression, depending on the specific site and level of methylation ([@B29],[@B30],[@B32]). Alterations in histone PTMs and their interactions with other nuclear proteins at gene promoters or other regulatory regions can lead to relatively stable epigenetic changes that alter chromatin structure. In turn, this can lead to long-term dysregulated gene expression and disease progression.

Recent studies using vascular and inflammatory cells treated in vitro with high glucose (HG), or target cells and tissues derived from models of diabetes complications, provide strong evidence that alterations in epigenetic histone PTMs play key roles in diabetes-induced inflammation and vascular complications, and potentially in the metabolic memory phenomenon ([@B17]--[@B25],[@B33]--[@B41]). However, studies have not yet been performed directly in humans with diabetes and metabolic memory. To examine whether epigenetic mechanisms are related to glycemic history, the progression of complications and metabolic memory in human diabetes, we explored variations in the profiles of key histone PTMs at promoter regions in peripheral blood lymphocytes and monocytes obtained from selected EDIC cohort subjects.

Research Design and Methods {#s2}
===========================

The human research study protocol was approved by the Institutional Review Board at City of Hope National Medical Center and the EDIC clinics.

Subjects and Experimental Design {#s3}
--------------------------------

The DCCT enrolled 1,441 subjects who were followed up for an average of 6.5 years until study closeout in 1993. Consenting subjects, of whom 60 were selected for this study, were then followed up annually during the EDIC. A case group of 30 subjects was selected from the former DCCT conventional therapy group who had a DCCT mean HbA~1c~ level of \>9.1% (76 mmol/mol), and progression of five or more steps from DCCT closeout to year 10 in the EDIC on the Early Treatment Diabetic Retinopathy Study scale of retinopathy severity or scatter laser in the EDIC, and/or an albumin excretion rate (AER) of \>300 mg/24 h or end-stage renal disease at EDIC year 9/10 among those subjects free of scatter laser and albuminuria during the DCCT (some subjects had both retinal and renal complications). A control group of 30 subjects was selected from the former DCCT intensive therapy group who had a DCCT mean HbA~1c~ level of \<7.3% (56 mmol/mol), and no progression in Early Treatment Diabetic Retinopathy Study scale from DCCT closeout through EDIC year 9/10 and an AER of ≤30 mg/24 h in all DCCT/EDIC years ([Table 1](#T1){ref-type="table"}). All subjects were white nonsmokers. The epigenetics laboratory was masked to the case/control group identity of each patient until all profiling and initial data analyses were completed.

###### 

Clinical characteristics of case and control subjects at DCCT baseline, DCCT closeout (end of randomized therapy), and at EDIC year 10, and HbA~1c~ at different times
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Blood Cell Isolation {#s4}
--------------------

Blood samples (50 mL) were freshly collected from each patient at participating EDIC clinics and shipped overnight to the City of Hope National Medical Center using ThermaSure Ambient Gel Packs (Sebra) to maintain the temperature between 15 and 25°C. Peripheral blood mononuclear cells were isolated using endotoxin-free Ficoll-Paque PLUS (catalog no. 17-1440-03; GE Healthcare Life Sciences). Monocytes were purified by CD14-positive selection (catalog no. 18088; STEMCELL Technologies), and flow-through fractions were collected, washed, and used as the lymphocyte fractions.

Chromatin Preparation, Chromatin Immunoprecipitation Assays, and Chromatin Immunoprecipitation-Chip Experiments {#s5}
---------------------------------------------------------------------------------------------------------------

Lymphocytes and monocytes from each participant were cross-linked in 1% formaldehyde, sonicated to shear DNA, and stored at −80°C for chromatin immunoprecipitation (ChIP) assays. ChIP assays were performed as previously described ([@B17],[@B21]) using the following histone PTM antibodies: anti-histone H3 lysine-9 acetylation (H3K9Ac) (ab10812; Abcam); H3 lysine-4 trimethylation (H3K4Me3) (active motif 39169); and H3K9Me2 (active motif 39375). ChIP-enriched DNA samples and no antibody controls were purified from monocytes and lymphocytes of each subject. Five sets of ChIP-enriched DNA samples (H3K9Ac, H3K4Me3, and H3K9Me2 in lymphocytes; and H3K9Ac and H3K4Me3 in monocytes) from the 60 patients were obtained (299 samples total; one monocyte H3K4Me3 ChIP from the control group failed). Each sample was then labeled and hybridized to Roche Nimblegen human 720 K RefSeq promoter tiling arrays (ChIP-chip) to profile these histone PTMs at promoter regions (−3,200 to 800 base pairs \[bp\] relative to the transcription start sites \[TSSs\] of 22,542 RefSeq genes) genome wide. Hybridizations were performed at the Clinical Microarray Core, University of California, Los Angeles, or the Functional Genomics Core, Beckman Research Institute. Therefore, five ChIP-chip data sets were generated from five sample sets. The experimental design and data analysis pipeline are shown in [Supplementary Figs. 1 and 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1251/-/DC1).

Real-Time Quantitative PCR {#s6}
--------------------------

ChIP-quantitative PCRs (qPCRs) were performed using the histone H3K9Ac ChIP-enriched DNA from each individual (*n* = 60) and normalized to Input DNA as previously described ([@B17],[@B21]). Primers were designed to amplify the following promoter regions for ChIP-qPCR validations: *STAT1* (5′-GGTCATTCAGAGACCCCAGA-3′ and 5′-TTAAAGCCCAGCCCAAATAC-3′); *TNFα* (5′-ACCACAGCAATGGGTAGGAG-3′ and 5′-GAGGTCCTGGAGGCTCTTTC-3′); *IL1A* (5′-TCACTTGAGGCCCAGAGTTT-3′ and 5′-AAGCTGCTTTCCTCCCAGAT-3′); and *SPI1* (5′-GCTTCCCTACCACCAGAAGA-3′ and 5′-TGGGGAAACTGAGAAACCTG-3′).Total RNA and polyA RNA were prepared as described previously ([@B18]).

Bioinformatic Analysis of ChIP-Chip Data {#s7}
----------------------------------------

Extensive quality assessments were first applied to each array/data set using methods listed in [Supplementary Fig. 3](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1251/-/DC1). Probe-level Cy5/Cy3 log2 ratios on each array were shifted to render the Tukey biweight mean of log2 ratios to 0. The complete data from all the samples from case and control subjects in each data set were then subjected to quantile normalization. For H3K4Me3 and H3K9Me2, Loess normalization was initially applied to each sample to correct dye bias found on some of the samples by MA plots. Regions enriched with histone modifications (i.e., containing at least four consecutive probes with log2 ratio greater than the 85th percentile of all the probe-level log2 ratios on each array) were identified using TAMAL ([@B42]) in each of the 60 samples. Commonly H3K9 acetylated regions among all these samples were then designated as regions acetylated in at least 25% of samples and at least 350 bp in length. The associations between acetylation and HbA~1c~ levels at different time periods ([Table 1](#T1){ref-type="table"}) in these commonly acetylated regions were analyzed using Pearson correlation coefficients (see [Fig. 2](#F2){ref-type="fig"} legend). Null data were generated in the same 6,248 regions after random sample permutation (*n* = 100). Furthermore, case hypermodified regions in commonly modified regions in at least 50% of the case subjects were identified by multiple linear regression analysis with and without adjusting for age and gender (see [Fig. 3](#F3){ref-type="fig"} legend). Hypermodified regions in control subjects were similarly identified at commonly modified regions in the control subjects. The comparisons were not adjusted for batches because of good technical reproducibility ([Supplementary Fig. 4](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1251/-/DC1)), the sample processing ([Supplementary Fig. 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1251/-/DC1)), as well as the normalization applied for systemic bias correction. The false discovery rate (FDR) was calculated as the number of falsely discovered regions (estimated by the median number of regions of 100 sample permutations using the same analysis procedure described above) divided by the number of observed regions.

Data analyses ([Supplementary Fig. 2](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1251/-/DC1)) were performed using custom R codes on top of Bioconductor and "stats" packages, unless otherwise specified. Hierarchical clustering was generated by Cluster version 3.0 and visualized by Java TreeView version 2.1.

Data Deposition {#s8}
---------------

The ChIP-chip data sets have been deposited in the National Center for Biotechnology Information Gene Expression Omnibus database (Gene Expression Omnibus accession no. GSE47385).

Results {#s9}
=======

Case and Control Subjects {#s10}
-------------------------

The characteristics of the selected 30 case and 30 control subjects are summarized in [Table 1](#T1){ref-type="table"}. As a result of the design, the case subjects had higher AERs and estimated glomerular filtration rates (evidence of hyperfiltration), even at DCCT baseline; and higher prevalences of retinopathy, nephropathy, and neuropathy during the DCCT and EDIC. While case and control subjects were not selected on the basis of lipid level and blood pressure, the levels among case subjects were also higher. Since the case and control subjects were selected in part on the basis of different levels of HbA~1c~ during the DCCT, the HbA~1c~ level was higher among case subjects than control subjects during the DCCT (10.2% vs. 6.4% \[88 vs. 46 mmol/mol\]) ([Table 1](#T1){ref-type="table"}). Owing to a modest within-person (intraclass) correlation of HbA~1c~ levels of 0.62 over the DCCT and 0.64 over the 10 years of EDIC, the case subjects also had higher HbA~1c~ levels at DCCT eligibility testing (10.1% vs. 8.1% \[87 vs. 65 mmol/mol\]), during the 10 years of the EDIC (8.5% vs. 7.1% \[69 vs. 54 mmol/mol\]), and at the time of blood draw for this study (EDIC year 16/17) (8.0% vs. 7.4% \[64 vs. 57 mmol/mol\]).

Global Comparison of Key Histone Modifications Between Case and Control Subjects {#s11}
--------------------------------------------------------------------------------

ChIP-enriched DNA samples were obtained from monocytes and lymphocytes of each of the 60 subjects with antibodies to histone H3K9Ac (a modification usually associated with active gene expression), H3K4Me3 (normally associated with active promoters), and H3K9Me2 (associated with repressed genes). Five ChIP-chip data sets were thereby generated as described in [[Research Design and Methods]{.smallcaps}](#s2){ref-type="sec"}. From these data, regions with differences in histone modifications were identified as described in [[Research Design and Methods]{.smallcaps}](#s2){ref-type="sec"}. The distribution of the number of regions enriched with histone modifications in the case and control subjects is shown in [Fig. 1](#F1){ref-type="fig"} for each of the five chromatin marks evaluated. Case subjects had a significantly higher average number of regions enriched with H3K9Ac in monocytes than did control subjects (6,470 vs. 6,105; [Fig. 1*A*](#F1){ref-type="fig"}, Wilcoxon rank sum exact two-sided test, *P* = 0.0096; *P* = 0.048 adjusting for five tests). For the other chromatin marks studied, the average number of enriched regions showed no significant difference between case and control subjects: monocyte H3K4Me3 (6,284 vs. 6,310); lymphocyte H3K9Ac (6,979 vs. 7,153); lymphocyte H3K4Me3 (7,686 vs. 7,699); and lymphocyte H3K9Me2 (4,979 vs. 5,150) ([Fig. 1*B*--*E*](#F1){ref-type="fig"}).

![Distribution of the number of regions enriched with the histone PTMs in the case and control groups. For each histone modification mark studied, the promoter regions of genes modified by the specific chromatin marks were identified in each sample using TAMAL. Modified regions were defined as regions that had at least four consecutive probes with modification levels in the form of log2 ratios greater than the 85th percentile of all the probes on the Nimblegen promoter array. The distribution of the number (\#) of histone-modified regions across the case and control groups are shown by box plots for H3K9Ac (*A*) and H3K4Me3 (*B*) in monocytes and H3K9Ac (*C*), H3K4Me3 (*D*), and H3K9Me2 (*E*) in lymphocytes. The box plot function in R was used to generate the plot where the middle lines within the boxes represent the median value, and the top and bottom whiskers are the maximum and minimum values excluding outliers that are over 1.5 times the interquantile range. Outliers are represented by empty circles. Two-sided Wilcoxon rank sum exact tests were used to compare the number of modified regions between the control subjects and case subjects in each data set. The increased number of H3K9 acetylated regions in monocytes from case vs. control subjects was statistically significant (\**P* = 0.0096).](1748fig1){#F1}

Association of Monocyte H3K9Ac Levels With HbA~1c~ Levels at Different Time Periods {#s12}
-----------------------------------------------------------------------------------

For each of the 60 EDIC subjects, mean HbA~1c~ levels were measured over four time periods and also at the time of blood draw (EDIC years 16/17) for this study ([Table 1](#T1){ref-type="table"}) (schematically depicted in [Fig. 2*A*](#F2){ref-type="fig"}). HbA~1c~ was measured upon study entry, then quarterly during the DCCT, and annually during the EDIC. The four periods are as follows: DCCT mean, representing the mean level of quarterly HbA~1c~ measurements during the DCCT; EDIC mean, representing the mean of annual HbA~1c~ measurements during the EDIC up to the time of blood draw for the current epigenetics study; the DCCT/EDIC combined mean, representing the mean level during the DCCT and EDIC periods combined; and the pre-DCCT/DCCT/EDIC combined mean, representing an estimate of the actual mean HbA~1c~ level since diagnosis up to the time of the blood draw. The DCCT/EDIC combined mean is the time-weighted average of the quarterly DCCT HbA~1c~ values (weighted by 3 months) and the annual EDIC values (weighted by 12 months). The pre-DCCT/DCCT/EDIC HbA~1c~ level likewise is a time-weighted average including the baseline HbA~1c~ weighted by the months duration of diabetes on entry.

![Association of monocyte H3K9 acetylation levels with HbA~1c~ at different time periods. *A*: The five time periods from which documented HbA~1c~ values for the case and control groups were used. Each EDIC participant's history of type 1 diabetes (T1D) is divided into three phases: Pre-DCCT, DCCT, and EDIC. The pre-DCCT phase is from the date of type 1 diabetes diagnosis (Dx) to the date of entry into the DCCT in 1983. DCCT is from entry into DCCT to the end of DCCT in 1993 within which HbA~1c~ was measured quarterly. EDIC is from 1993 (start of EDIC) to current, during which HbA~1c~ level was documented annually. All our study participants had blood drawn in the EDIC year 16/17 (2009--2010), and the HbA~1c~ level measured at this time is termed the "blood draw." HbA~1c~ levels in the other four periods (DCCT, EDIC, DCCT/EDIC, and Pre-DCCT/DCCT/EDIC) are represented by mean values across specified periods. *B*: Association of acetylation levels with HbA~1c~ level at H3K9 commonly acetylated regions. Commonly acetylated regions across all 60 samples were defined as regions enriched with H3K9Ac in at least 15 samples (25%) that were at least 350 bp in length. The average acetylation level at each of the resulting 6,248 commonly acetylated regions was calculated in each sample, and its relationship with HbA~1c~ level at different time periods (color coded) is represented by Pearson correlation coefficient. Sample permutation (*n* = 100) was performed to generate the correlation coefficients under the null condition. The cumulative densities of the correlation coefficients are plotted (color solid lines, original data; black dashed line, permuted data), and a shift to the right indicates a higher positive association. The statistical significances of distances between two empirical distributions were tested using Kolmogorov-Smirnov tests. The time periods are color-coded as indicated.](1748fig2){#F2}

We assessed the correlation between HbA~1c~ levels over these different time periods with the H3K9Ac levels in the 6,248 commonly acetylated regions across all 60 samples (as defined in [[Research Design and Methods]{.smallcaps}](#s2){ref-type="sec"}). The empirical distributions of correlation coefficients with HbA~1c~ level at different time periods (colored solid lines), as well as under the null condition (black dashed line) in all these regions, are shown in [Fig. 2*B*](#F2){ref-type="fig"} (blue curve for EDIC phase is not visible because of overlap by the curves for the DCCT/EDIC and pre-DCCT/DCCT/EDIC periods). Notably, when compared with null conditions, H3K9Ac levels showed highly significant, positive associations (right shifts) with HbA~1c~ levels at all time periods (*P* \< 2.2E-16, Kolmogorov**-**Smirnov two-sided test).

Identification of Group-Specific Promoter Regions Displaying the Largest Differences in the H3K9Ac Levels {#s13}
---------------------------------------------------------------------------------------------------------

We then searched for specific genomic regions that had the largest differences in monocyte H3K9Ac levels in case versus control subjects. We first identified 4,644 H3K9 commonly acetylated regions in case subjects, and 4,286 regions in the control subjects (see [[Research Design and Methods]{.smallcaps}](#s2){ref-type="sec"} and [Fig. 3](#F3){ref-type="fig"} legend for details). Among these, 3,780 case commonly acetylated regions overlap with 3,784 control regions.

![Identification of group-specific promoter regions depicting the largest differences in the levels of histone H3K9Ac in monocytes. The H3K9 commonly acetylated regions in case and control subjects were first identified. The average log2 ratio of at least four probes within these regions in case and control subjects were compared, and the hyperacetylated regions in case or control subjects were identified using multiple linear regression with one-sided test before and after adjusting for age and gender. The analyses were performed using custom R codes built on top of the functions implemented in "preprocessing Core" and "GenomicRanges" bioconductor packages, as well a "stats" package. *A*: The volcano plot of 4,644 commonly acetylated regions found in case subjects. *B*: The volcano plot of 4,286 commonly acetylated regions found in control subjects. The *y*-axis indicates the −log~10~ (*P* value), and the *x*-axis indicates the log~2~ ratio differences between the two groups. Each dot represents one group-specific commonly acetylated region. Regions considered to be hypermodified (fold change ≥1.1 and nominal *P* \< 0.05) in case or control subjects are highlighted as small empty circles. *C*: Venn diagrams showing the comparison of the hyperacetylated promoters in the case and control groups, with and without adjustment for age and gender.](1748fig3){#F3}

For each of the 4,644 commonly acetylated regions among the case subjects, the H3K9Ac levels were compared in case versus control subjects using a one-sided *t* test. Of these, 35 regions had nominally significantly higher H3K9Ac levels in the case versus the control subjects (nominal *P* \< 0.05 without correction for the 4,644 tests, and fold change ≥1.1) ([Fig. 3*A*](#F3){ref-type="fig"}). The median FDR of these identified regions was estimated to be 0.31 by sample permutation (*n* = 100), which means that ∼70% of the genes in this list are true positives. Because of the potential effect of demographic factors (principally age and gender) on H3K9Ac levels, we also analyzed the 4,644 regions that were acetylated among the case subjects using linear regression models adjusting for age and gender. Using the same criteria, 39 regions ([Table 2](#T2){ref-type="table"}) were identified that had higher H3K9Ac levels in the case versus the control subjects (nominal *P* \< 0.05) with estimated FDR at 33%. These regions were located in the promoters of 38 genes (−3,200 to 800 bp relative to TSS) compared with the 35 genes identified without adjustment, 26 being in common ([Fig. 3*C*](#F3){ref-type="fig"}).

###### 

Case or control H3K9 hyperacetylated regions in monocytes
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Similarly, among the 4,286 control commonly acetylated regions, 6 regions (located in the promoters of 7 RefSeq genes) and 10 regions (including 8 covering 8 RefSeq promoters; [Table 2](#T2){ref-type="table"}) were hyperacetylated in control subjects (relative to case subjects, nominal *P* \< 0.05) without and with adjusting for age and gender ([Fig. 3*B*](#F3){ref-type="fig"}). Between the two lists, five genes are in common ([Fig. 3*C*](#F3){ref-type="fig"}). However, the median FDR estimated by permutation was 100%.

Similar analyses were also performed on the other four data sets, including the monocyte H3K4Me3, and the lymphocytes H3K9Ac, H3K4Me3, and H3K9Me2. Using the same criteria applied to the monocyte H3K9Ac, the case and control hypermodified regions were identified and summarized for these four data sets ([Supplementary Table 1](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1251/-/DC1)). Because the estimated FDR was 100% for each of these four identified lists, we focused our subsequent analyses only on the monocyte H3K9Ac data set. There was also no overlap between the regions found in the five data sets, suggesting that in general the differences in PTMs occur independent of each other.

Analysis of Monocyte Histone H3K9 Hyperacetylated Regions/Promoters in Case and Control Subjects {#s14}
------------------------------------------------------------------------------------------------

To visualize the differences between the case and control groups, and examine whether these regions share similar acetylation patterns among these samples, we performed hierarchical clustering analysis on the case or control hyperacetylated regions identified after adjusting for age and gender (which include 39 annotated case hyperacetylated regions and 8 annotated control hyperacetylated regions) ([Fig. 4*A*](#F4){ref-type="fig"}). As seen, the acetylation levels were higher in general in the case subjects than in the control subjects at the case hyperacetylated regions. Among these regions, many were hyperacetylated in the same set of case subjects. Some heterogeneity can also be noted.

![Regions with variations in histone H3K9Ac levels in monocytes of the case and control groups, and the biological functions related to the annotated promoters in these regions. *A*: Hierarchical clustering of hyperacetylated regions in case and control groups. The H3K9 hyperacetylated regions (age- and gender-adjusted nominal *P* \< 0.05, fold change ≥1.1) in the case and control groups were pooled, and the acetylation levels were calculated for each region by averaging the log~2~ ratios of probes falling into these regions. The acetylation levels were mean centered across the 60 samples, and hierarchical clustering of these regions was generated using the average linkage method with Pearson correlation as the similarity metric and visualized by Java TreeView version 2.1. Blue represents acetylation levels above the mean, and yellow represents acetylation levels below the mean. The annotated genes containing a hyperacetylated region in their promoters are shown on the right. For regions located in the promoters of more than one gene, all the corresponding gene symbols are listed (separated by commas). For multiple regions located within the same gene promoter, the same gene symbol is listed for each region. Thus, 39 case hyperacetylated regions (spanning the promoters of 38 genes) and 8 control hyperacetylated regions (spanning the promoters of 8 genes) are depicted. *B*: IPA of H3K9 hyperacetylated promoters in case subjects (in silico analyses). The 38 genes identified in case subject samples that have H3K9 hyperacetylated regions in their promoters (−3,200 to 800 bp of TSS) were imported into IPA for identification of overrepresented canonical pathways. The 162 pathways in IPA knowledge-based database were sorted by *P* values (Fisher's exact test *P* values adjusted by the Bonferroni-Holm \[B-H\] method), and the top 10 pathways are shown. Blue bars represent −log~10~ (*P* value) of pathways. The B-H--adjusted *P* values of the enrichments of all the 10 pathways are \<0.0025. IL, interleukin; IRF, interferon regulator factor; PKR, RNA-dependent protein kinase; Hyper, hyperacetylation.](1748fig4){#F4}

We used in silico analysis to further evaluate the potential functional relevance of the 38 genes that have 39 case hyperacetylated regions in their promoters ([Table 2](#T2){ref-type="table"}). Ingenuity pathway analysis (IPA) revealed that these genes were enriched for several diabetes and diabetes complication--related pathways, including tumor necrosis factor receptor (TNFR)-2 signaling, macrophage and dendritic cell functions, interferon regulator factor signaling and pattern recognition, apoptosis, reactive oxygen species, and antiviral responses ([Fig. 4*B*](#F4){ref-type="fig"}). Of note, genes related to the nuclear factor-κB (NF-κB) pathway, which is well-known to be associated with inflammation, immunity, and diabetes complications, were clearly enriched in this gene list. These included NF-κB pathway or target genes (*TNF*,*IL1A*,*DENND4B*,*CYLD*,*IER3*, and*TRAF1*), transcription factors (*NFKB1*,*NFKBIZ*, and*STAT1*), and regulatory genes (*CYLD*,*PU.1*,*IER3*, and*TRAF1*). Furthermore, motif analysis by transcription factor affinity prediction ([@B43]) showed that the top five enriched motifs (BH-adjusted *P* \< 0.00005) with high affinities to the promoters of the 38 case-hyperacetylated genes (−500 to 100 bp relative to TSS) are all related to NF-κB.

Evaluation of Association Between Group-Specific Hyperacetylated Regions and HbA~1c~ Levels at Different Time Periods {#s15}
---------------------------------------------------------------------------------------------------------------------

We then assessed the relationship between HbA~1c~ levels over different time periods and the 39 case and 8 control hyperacetylated regions located in RefSeq promoters ([Table 2](#T2){ref-type="table"}). Among the 60 case and control group subjects combined, we calculated the Pearson correlation coefficients of HbA~1c~ measures with the H3K9Ac levels of these 47 regions, and visualized the resulting correlation coefficients by heat maps ([Fig. 5](#F5){ref-type="fig"}). We found that the acetylation levels in most of these regions were positively (in case hyperacetylated regions) or negatively (in control hyperacetylated regions) correlated with average HbA~1c~ levels. The associations with mean HbA~1c~ levels during EDIC, DCCT/EDIC combined, or the pre-DCCT/DCCT/EDIC combined periods were much greater than at the time of blood draw or during the DCCT only. HbA~1c~ level from the pre-DCCT/DCCT/EDIC combined period had the highest association, while association at the time of blood draw was lowest. Notably, these results suggest that H3K9Ac levels of case/control hyperacetylated regions are associated with long-term HbA~1c~ levels over the lifetime of diabetes, including the DCCT and EDIC study phases.

![Correlation of HbA~1c~ with acetylation levels at case/control H3K9 hyperacetylated regions. Pearson correlation coefficients of acetylation levels with HbA~1c~ levels at regions depicting hyperacetylation in case and control subjects (same regions shown in [Fig. 4*A*](#F4){ref-type="fig"}) at the different time periods across 60 samples are shown as a heat map. The rows represent the case/control hyperacetylated regions, and the columns represent different time periods (labels on top of the heat map). Hyper, hyperacetylation.](1748fig5){#F5}

Additional analyses also assessed correlations of HbA~1c~ levels with the H3K9Ac levels at these same regions separately among the case and the control groups, with predominantly positive correlations among case subjects at case hyperacetylated regions, and inverse correlations among case subjects at control hyperacetylated regions. Correlations among control subjects were somewhat weaker. Details are shown by heat maps in [Supplementary Fig. 5](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1251/-/DC1) and its legend.

Validation of Hyperacetylated Region at the *STAT1* Gene Promoter {#s16}
-----------------------------------------------------------------

To validate the case hyperacetylated regions ([Table 2](#T2){ref-type="table"}), we chose *STAT1*, *TNF*, *IL1A*, and *SPI1*. The H3K9Ac differences between case and control subjects in the *STAT1* promoter region from the ChIP-chip experiments are illustrated as a representative example in [Fig. 6*A*](#F6){ref-type="fig"} by plotting the acetylation levels of the 30 case subjects (red dots) and 30 control subjects (blue dots) within the *STAT1* promoter. The hyperacetylated region located at 2,800--2,400 bp upstream of the *STAT1* TSS is highlighted. The average acetylation enrichment is clearly higher in case subjects (red line) than in control subjects (blue line). To validate the ChIP-chip microarray data, we performed follow-up ChIP-qPCRs with ChIP-enriched DNA samples from each of the 60 participants. There was a significant difference between case and control subjects in the H3K9Ac level at the *STAT1* promoter region (one-sided *P* = 0.018, Wilcoxon rank sum exact test; [Fig. 6*B*](#F6){ref-type="fig"}). Similar significant differences were also obtained for *TNF*,*IL1A*, and *SPI1* promoter acetylations ([Fig. 6*C*--*E*](#F6){ref-type="fig"}) (*P* \< 0.001, *P* = 0.007, and *P* = 0.002, respectively). A positive correlation was also seen between data from ChIP-chips and ChIP-qPCRs for *STAT1* (Pearson *r* = 0.46, *P* = 1.9 × 10^−4^) ([Supplementary Fig. 6](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1251/-/DC1)).

![Validation of ChIP-chip data of histone H3K9 hyperacetylated regions in case versus control subjects. *A*: Probe level H3K9Ac levels at the promoter region (−3,200 to 800 bp of TSS) of the *STAT1* gene (from ChIP-chip data). This region contained 38 probes. For each probe, each dot represents one sample, with red dots representing the case subjects and blue dots representing the control subjects. The red line represents the average probe log2 ratio of samples in all of the case subjects, and the blue line represents the average probe log2 ratio of all of the control subjects. The dotted rectangle highlights the hyperacetylated region in the case subjects compared with control subjects. *B--E*: Results of ChIP-qPCR validation of the case hyperacetylated region located in the promoter/enhancer regions of the indicated genes *STAT1*,*TNFα*,*IL1A*, and *SPI1.* The histone H3K9Ac ChIPs were prepared from monocytes of each individual participant (30 case and 30 control subjects). Standardized ChIP-qPCRs were then used to quantify the amount of specific modified ChIP-enriched DNA in monocyte samples from each patient. Results shown were obtained using PCR primers designed to amplify the promoter/enhancer regions of the indicated four genes selected from [Table 2](#T2){ref-type="table"}. Data shown are the average of samples run in duplicate. One-sided *P* values (case vs. control subjects) were calculated by Wilcoxon rank sum exact test: *STAT1*, *P* = 0.018; *TNFα*, *P* \< 0.001; *IL1A*, *P* = 0.007; and *SPI1*, *P* = 0.002.](1748fig6){#F6}

Discussion {#s17}
==========

The objective of this study was to explore whether epigenetic differences could be associated in part with glycemic history and complications, and metabolic memory in individuals with type 1 diabetes by studying patients from the DCCT/EDIC cohort. As a first step toward understanding the link between epigenetics and metabolic memory in humans, we examined whether there were specific differences in genome-wide PTMs of promoter histones in monocytes and lymphocytes between subjects whose complications progressed and those whose complications did not (case vs. control subjects). Among case subjects drawn from the conventional group with a mean HbA~1c~ level of 10.2% (88 mmol/mol) during the DCCT, complications progressed markedly in the EDIC, during which the mean HbA~1c~ level was 8.7% (72 mmol/mol). Conversely, among control subjects drawn from the intensive therapy group with a mean HbA~1c~ level of 6.4% (46 mmol/mol) during the DCCT, complications showed no progression in the EDIC, during which the mean HbA~1c~ level rose to 7.1% (54 mmol/mol). The conventional group of the entire DCCT/EDIC cohort showed progression of complications during the EDIC even though the HbA~1c~ level improved from ∼9% (75mmol/mol) during the DCCT to ∼8% (64 mmol/mol) during the EDIC, and the intensive therapy group showed substantially less progression even though the HbA~1c~ level rose from ∼7% (53 mmol/mol) during the DCCT to ∼8% (64 mmol/mol) during the EDIC. Thus, our case and control subjects represent the extremes of the respective original conventional and intensive therapy groups in which the metabolic memory effect was initially documented ([@B9],[@B12],[@B13]), and thus provided a good platform for this study.

The rationale for studying monocytes and lymphocytes was as follows. These cells have inflammatory and immune response properties and can be obtained in a relatively noninvasive fashion during a regular visit. Next, the epigenome, unlike the genome, is cell type--specific. Moreover, evidence shows that inflammation and abnormal immune responses accompanied by monocyte and lymphocyte infiltration play major pathogenic roles in diabetic retinopathy and nephropathy ([@B5]--[@B7]), two complications evident in our case group, but not in the control group. Finally, reports ([@B18],[@B34],[@B44],[@B45]) show that hyperglycemia itself can induce histone lysine acetylation and methylation in monocytes at inflammatory- and diabetes-related gene loci.

As the first study to profile multiple histone modifications at promoters genome-wide in lymphocytes and monocytes of participants from a diabetes clinical trial, we analyzed the initial overall correlations across the five histone PTM data sets. This revealed high correlations between the same active marks (H3K9Ac and H3K4Me3) in different cell types (monocytes and lymphocytes), modest correlations between the two active marks in the same cell types, and poor correlations between the repressive mark (H3K9Me2) and either of the active marks ([Supplementary Figs. 7 and 8](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1251/-/DC1)). Notably, through identification of promoter histone--modified regions genome-wide, we found significantly greater H3K9Ac-enriched regions in the monocytes of case subjects than in those of control subjects, whereas the other PTMs showed no significant differences. Furthermore, we identified 38 H3K9 hyperacetylated promoters in case subjects, none of which was differentially modified in the other PTM data sets. Exploratory evaluation of the functional relevance of these 38 hyperacetylated hotspots revealed they were enriched for several diabetes and diabetes complication--related pathways, including TNFR2 signaling. Of note, recent studies show that circulating TNFR1 and TNFR2 levels predict renal function decline in type 1 diabetes ([@B46],[@B47]). Of the affected gene promoters detected in case subjects, many were regulated by the NF-κB pathway, including key inflammatory genes, transcriptional factors, and others involved in inflammatory and immunological pathways known to operate in diabetes complications ([@B5]--[@B7]). This suggests that systemic deregulation induced by histone acetylation at multiple levels in the NF-κB pathway could be related to metabolic memory.

The associations of HbA~1c~ with H3K9Ac levels of the case-control groups combined were further analyzed. The mean HbA~1c~ level over extended periods (e.g., DCCT and EDIC combined) was significantly associated with H3K9Ac levels in monocytes among \>6,000 commonly acetylated regions across 60 samples. Although this may be expected since we observed hyperacetylation in case subjects, and the case-control groups were defined on the basis of differential HbA~1c~ levels during DCCT, interestingly, additional analyses separately among case and control subjects in case hyperacetylated regions showed somewhat stronger correlations with HbA~1c~ levels among case subjects ([Supplementary Fig. 5](http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1251/-/DC1)). These results are consistent with those of prior analyses from the DCCT ([@B48],[@B49]) showing a nonlinear relationship between HbA~1c~ level and the progression of complications, such that the risk increases exponentially with increasing HbA~1c~ levels.

Our current studies link diabetes complications to the histone acetylation of a set of genes related to inflammation in vivo. Moreover, the acetylation level was correlated with the history of Hb1Ac levels. These results, together, support a possible epigenetic mechanism for metabolic memory, whereby prolonged hyperglycemia may have a cumulative effect over time on H3K9 hyperacetylation in key genome regions that once acetylated, may remain relatively stable and are transmitted by unknown mechanisms. One obvious question here is whether the hyperacetylation of the promoters correlates with increased expression of the corresponding genes. We did not observe significant correlations between them when we profiled gene expression (Affymetrix) in 12 monocyte samples (7 case and 5 control subjects) (data not shown). This could be due to the limited number of samples tested. However, because we also did not find any significant differences in levels of circulating cytokines (serum) between 30 case and 30 control subjects at blood draw (data not shown), we speculate that, unlike the demonstrated epigenetic H3K9Ac levels, gene expression levels at the time of blood draw may not clearly reflect differences between case and control subjects. But, the acetylation could sensitize or render genes more susceptible to self-perpetuating changes in expression in response to external stimuli. Because H3K9Ac level is associated with relaxed chromatin and active genes, higher H3K9Ac levels occurring around a set of complication-related gene promoter regions may lead to a more open or poised chromatin state at these regions. Support also comes from our recent transcriptomic profiling of monocytes, which showed that most genes induced by HG have high levels of promoter H3K9Ac even in the normoglycemic state and are thus preselected or poised for activation by hyperglycemia ([@B45]). Interestingly, among our 38 case hyperacetylated promoters, the expression of *TNF*,*LTA*,*STAT1*, and *CARD8* were all induced by HG ([@B45]).

Thus, the most likely scenario is that these genes are more poised for activation in the case group compared with the control group, contributing to various diabetes complications in the long term. This could be a consequence of the early exposure to hyperglycemia (measured by HbA~1c~ level), which is known to be associated with increased rates of long-term diabetes complications. Recent evidence indicates that the enzymes mediating histone modifications (writers) are more likely to be inherited epigenetically than the modification itself ([@B50]), suggesting that, in our study, key histone H3K9 acetyltransferases may be playing a role. It is also likely that observed acetylation differences are due to either DNA methylation or other heritable epigenetic changes at distant transcription factors, or microRNA-encoding regions. An epigenetic mechanism is also supported by previous experimental models of metabolic memory ([@B17]--[@B25],[@B34]--[@B40]). Further investigation is needed to better understand the biological meaning of these phenotypes (hyperacetylation), and their association with diabetes complications and metabolic memory.

Our results suggest an association between epigenetic changes and microvascular complications, and that hyperglycemia-induced epigenetic changes can potentially explain part of the metabolic memory phenomenon. However, alone they do not prove it, because from a cross-sectional study of this nature one can only infer correlations, not causation. A limitation is that we did not select samples of case and control subjects with different levels of HbA~1c~ during the DCCT, but equivalent levels of HbA~1c~ at DCCT baseline and during EDIC. Thus, hyperglycemia prior to the DCCT or during the EDIC could be partly responsible for epigenetic changes that affected the course of complications during the DCCT (or even earlier) and the EDIC. Second, given that case and control subjects were selected on the basis of HbA~1c~ levels (high vs. low) during the DCCT and progression of complications (yes vs. no) during the EDIC, any differences in epigenetic changes in case versus control subjects would be expected to also be accompanied by correlations of those changes with HbA~1c~ level. Third, the case and control subjects also differ with respect to other characteristics, such as blood pressure and lipid levels ([Table 1](#T1){ref-type="table"}), which in turn may have caused some epigenetic differences, and the resulting associations with HbA~1c~ level may be secondary to the association of HbA~1c~ with these factors. Unfortunately, the sample size is relatively small to conduct multiple linear regression analyses adjusting for any impact of these different factors to provide a more definitive assessment of these relationships. Ideally, an epigenetic profiling of a much larger fraction of the cohort would be needed to address these issues.

In conclusion, we conducted comprehensive epigenomic profiling using cells from two selected subsets of DCCT/EDIC participants who experienced different rates of complications following a period with different levels of hyperglycemia to explore an epigenetic mechanism for metabolic memory in individuals with type 1 diabetes. Our results suggest that this metabolic memory phenomenon can in part be explained by increased epigenetic differences at key complication-related genes among individuals with higher HbA~1c~ levels that may contribute to further progression of complications during EDIC.

This article contains Supplementary Data online at <http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1251/-/DC1>.
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